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Abstract 
The research of five educational institution buildings and three municipality department buildings were carried out in LiepƗja 
municipality, Latvia. Aim of the study is to draw attention to finding balance among energy efficiency, thermal comfort and 
indoor air quality dilemma. The research of recently renovated public sector buildings was done. The combination of factors that 
form microclimate and indoor air quality are described in the paper. Emphasis is put on a person’s ability to perform mental tasks 
in regards of changes in thermal comfort and air quality. Surveys of buildings’ inhabitants and economic aspects of human 
productivity changes were carried out in the research. Also four ventilation scenarios have been modelled and economic benefits 
of each scenario have been assessed. Different air exchange rates can make 19 % human productivity improvement. Using 
ventilation systems as it is designed already gives economic benefit and not all the buildings need additional investments for new 
system implementation. The economic benefit in four buildings is more than 20 000 euro already in second year. The priority for 
planning, designing and managing education institution buildings should be indoor environment and thermal comfort of 
inhabitant. 
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1. Introduction  
Microclimate is a totality of physical factors – air temperature, relative air humidity, air velocity that makes 
organism heat transfer with environment and determines its heat conditions.  Indoor air quality is a whole of many 
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air characteristics that affects human on chemical, physical and biological factor level. Outdoor air quality, room 
microclimate and human made pollution affects indoor air quality. People spend around 90% of their time indoors 
and indoor air quality is a serious factor for human health. Polluted indoor air can cause illnesses, reduce work 
productivity and have a negative effect on life quality. It is necessary to set healthy environment a priority. Humans 
have rights to breathe fresh air, feel comfortable and have a healthy indoor climate, as written in World Health 
Organization constitution [1]. 
Human activity is not changing and the produced amount of CO2 is still high. Houses are equipped with 
ventilation systems to reduce unwanted substances, scent discharge. Ventilation should work according to sources of 
pollution. Sources of indoor pollution are evaluated according to Europe standards [2] and national regulations [3] 
while designing ventilation systems. If human is the only source of pollutant fresh air inflow needs to be at least 15 
m3/h for one person. There might be special requirements that need to be considered in building. 
Different scientific researchers have pointed out health problems and productivity loss in public buildings with 
low indoor air quality. The study carried out by Satish et al. draw attention to changes of human decision making 
skills in different CO2 levels. 22 persons spend 2.5 hours in different air quality categories and took a computerized 
decision making test and a survey about their health conditions and feeling. The participants of the research did not 
know the conditions in which they were doing the tests. Satish et al. evaluated test results and categorized them into 
groups – key action, practical activity, concentrated activity, task accuracy, initiative, information search and usage, 
approach amplitude and strategy. At CO2 level of 1000 ppm the productivity loss is relatively low. It may seem 
insignificant for one person but in level of ¬corporative society even small changes can cause essential economic 
impact. Satish et al. pointed out that research results should be used as initiative for reasonable energy saving actions 
based on fresh air inflow reduction [4]. 
Kajtár and Herczeg studied participant performance doing mental tasks at different CO2 concentration levels. 
Research showed that humans evaluated air quality as not satisfactory and felt tired at CO2 concentration of 3000 
ppm. The heart rate variability was also measured in this research. It can be concluded that organism requires more 
effort to do mental tasks if the CO2 concentration is high. [5] 
Direct indoor air parameters’ connection with employee’s performance has been studied in field of indoor 
microclimate. Also the way how human subjective evaluation or satisfaction with circumstances affects pursuit of 
different tasks. Study of Kosonen and Tan shows that the quality of air has a greater effect on the productivity of 
intellectual work not mechanical actions [6].  
J.E.Woods emphasizes the large potential of gains that can be achieved by indoor environment improvement. One 
of the main factors is the productivity of employees because usually the salaries exceed building maintenance and 
energy costs around 100 times. Even 1% productivity improvement gives a great impact on indoor climate 
improvement costs. A lot of researches show that corrections of air temperature, fresh air inflow and CO2 
concentration level can cause gains greater than 1 % [7]. Fisk et al. made calculations for indoor climate 
improvement of office buildings and economical effect determination in study in United States of America to 
evaluate the connection between ventilation systems and human productivity [8]. Study of Theodosiou and 
Ordoumpozanis points out that student or employee health, productivity and ability to feel comfortable in the 
classroom or office must be more important than building heating, cooling and ventilation costs [9].  
Indoor air quality and thermal comfort are important factors in designing new and high quality buildings as well 
as in planning and implementation in building renovation process. Science and industry continuously provide new 
and innovative conditioning, ventilation and other indoor climate control solutions us to. These products help to 
provide people with more suitable environment that can give a positive impact on human feeling, health and work 
productivity; however, the desire to provide optimal and comfortable climate conditions is in conflict with the aim to 
reduce energy consumption [10]. 
Thermal comfort, indoor air quality and energy efficiency is considered a dilemma that does not have a definite 
solution. There is an option to make recommendational guidelines for climate system designing in buildings. Becker 
et al. research provides night ventilation that can help reduce energy consumption 11.7 - 13 % depending on 
direction of the windows. If the control circuit of ventilation regimes works together with night ventilation it is 
possible to reduce energy consumption by 17 – 30 % depending on the direction of windows. This research shows 
that it is relatively easy to get a significant gain and move closer to energy efficiency, thermal comfort and indoor air 
quality dilemma solution [11]. Although Dallo’O et al. point out that not every case of energy efficiency, thermal 
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comfort and indoor air quality dilemma might have a positive solution in practice [12].  
Aim of the present work is to draw attention to finding balance among energy efficiency, thermal comfort and 
indoor air quality for public sector buildings. The background information provides an overview of LiepƗja 
municipality, buildings and their energy efficiency activities. A person’s ability to perform mental tasks in regards of 
changes in air quality and thermal comfort have been studied. Surveys with the manager and inhabitants were carried 
out as well as calculations of human productivity changes were made. Four ventilation scenarios have been modelled 
and economic benefits of each scenario have been assessed. Suggestions for energy efficiency, thermal comfort and 
indoor air quality dilemma have been proposed. 
2. Background information 
Latvia is a country in the Baltic region of Northern Europe. It is bordered by Estonia to the north, Lithuania to the 
south, Russia to the east, and Belarus to the southeast, as well as a maritime border to the west alongside Sweden. 
Latvia has 2 001 468 inhabitants and a territory of 64 573 km2 [13]. The country has a temperate seasonal climate 
and has 4161 heating degree – days [14].  
LiepƗja is a city in western Latvia, located by the Baltic Sea. It is the largest city in Kurzeme Region and the third 
largest city in the country with population of 71 125. It is an important ice-free port [15]. 
There is a selection of municipality buildings for research that will help gain a representative overview of indoor 
microclimate in cooperation with LiepƗja municipality. The selection consists of 3 kindergartens (A, B, C), 2 schools 
(D, E), 1 municipality police department (F), 1 administrative building (G) and 1 museum (H). The buildings were 
visited and major aspects for the research were collected. The buildings have a renovated exterior, new windows and 
a mechanical ventilation system. In table 1 the overview of investigated buildings is illustrated. 
Table 1. Overview of the buildings 
Building Building type Building area, m2 
Heating 
energy, 
kWh/m2 
Electricity, 
kWh/m2 Energy efficiency activities 
Ventilation system 
operation 
A Kindergarten 2050 103.6 12.9 Windows are changed, building envelope insulated and ventilation system installed  Manual 
B Kindergarten 1903.8 102.9 21.3 Windows are changed, building envelope insulated and ventilation system installed  Manual 
C Kindergarten 2774 139.9 29.0 Windows are changed and building envelope insulated  Natural ventilation 
D School 9949.6 43.3 18.7 Windows are changed,  building envelope and roof insulated  
Three times per day 
with maximal power – 
9.00; 12.00; 15.00  
E School 5133.2 56.7 18.6 Windows are changed and ventilation system installed  Manual 
F Police department 920 36.7 66.1 
Windows are changed, building envelope 
and roof insulated and ventilation system 
installed in one room 
Manual 
G Administrative building 674 78.7 12.5 
Windows are changed, building envelope 
insulated and ventilation system installed  Manual 
H Museum 1665.5 82.3 n/a Windows are changed, building envelope insulated and ventilation system installed  From 17.00 till 7.00 
3. Methodology 
The interviews with building managers or responsible persons were done in order to get an overview of the 
buildings. The data about the building types, total area, energy efficiency activities that are collected and the 
ventilation system is operated was clarified and the building plans were studied in these meetings. 
People were surveyed in all the rooms to find out their subjective opinion about indoor microclimate in the 
specific moment. People commented their feelings and opinion and evaluated their comfort level from -3 to +3. The 
Predicted Mean Vote (PMV) refers to a thermal scale that runs from cold (-3) to hot (+3), originally developed by 
Fanger. The air parameters in the specific moment were fixed to make further calculations. It is not possible to use 
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subjective evaluation for full day data analysis because of continuous changes in these parameters. As the human 
thermal comfort is affected by its activities and the thermal resistance of clothing, these values were also fixed [16]. 
The calculation of PMV was made to give an opportunity to compare theoretical comfort level parameters with 
human subjective feelings.  The thermal comfort calculation was made with Design builder software. It should be 
noted that these results were obtained considering the thermal conditions in which people reside on the premises and 
activity level. However, air quality or affecting parameters such as fresh air supply is not taken into account. 
R. Kosonen et al. have made equations based on research in specific conditions that makes its usability limited. 
PMV value should be in range from -0.21 till +1.28. There is a linear connection with Predicted Percentage of 
Dissatisfied (PPD) and productivity losses if the PMV value is not in the particular range. PPD predicts the 
percentage of occupants that will be dissatisfied with the thermal conditions. It is a function of PMV and if PMV 
moves further from neutral it increases. The recommended acceptable PPD range for thermal comfort from is less 
than 10% for indoors.  
We used R. Kosonen’s productivity loss model to find out effect on human performance based on studied 
buildings microclimate conditions combined with mental work. ௗܻ  in equation 1 stands for thinking exercises 
performance losses and ௗܻ in equation 2 for writing exercises performances changes [17]. 
ௗܻ ൌ ͳǡͷͻʹͺ ή ܲܯܸହ െ ͳǡͷͷʹ͸ ή ܲܯܸସ െ ͳͲǡͶͲͳ ή ܲܯܸଷ ൅ ͳͻǡʹʹ͸ ή ܲܯܸଶ ൅ ͳ͵ǡ͵ͺͻ ή ܲܯܸ ൅ ͳǡͺ͹͸͵ (1) 
௥ܻ ൌ െ͸ͲǡͷͶ͵ ή ܲܯܸ଺ ൅ ͳͻͺǡͶͳ ή ܲܯܸହ െ ͳͺ͵ǡ͹ͷ ή ܲܯܸସ െ ͺǤͳͳ͹ͺ ή ܲܯܸଷ ൅ ͷͲǡʹͶ ή ܲܯܸଶ ൅ ͵ʹǡͳʹ͵ ή
ܲܯܸ ൅ Ͷǡͺͻͺͺ  (2) 
There are studies that indicate air quality and ventilation productivity effect on human feeling and how fast and 
qualitative people do tasks in different environment conditions. Olli Seppänen summarized results from several 
researches in equations 3 and 4 and made a model that let forecast human productivity changes on different 
ventilation rates.  
ܴ ௏ܸோ ൌ ݁ݔ݌ ቀ
ି଻଺Ǥଷ଼כ௫షభି଴Ǥ଻଼כ௟௡ ௫ାଷǤ଼଻כ௫ି௬బ
ଵ଴଴଴
ቁ  (3) 
ݕ଴ ൌ െ͹͸Ǥ͵ͺ ή ݔ௥ିଵ െ ͲǤ͹ͺ ή ݔ௥ ή  ݔ௥ ൅ ͵Ǥͺ͹ ή ݔ௥  (4) 
where: 
ܴ ௏ܸோ– relative productivity; 
x – ventilation productivity, l/s per person; 
ݔ௥ – ventilation productivity reference value, l/s per person. 
This model is based on 9 researches that studied call canter employee’s productivity where a lot of people were in 
the rooms. Based on this it can also be used for different cases with many people like schools or kindergartens. The 
model is made for ventilation rate changes from 6.5 l/s to 47 l/s per person [18]. 
Relative productivity improvement in case of fresh air inflow increase has been calculated and there are four 
ventilation rate scenarios modelled in the study: 5 l/s per person, 10 l/s per person, 15 l/s per person un 30 l/s per 
person. The first two ventilation scenarios both are consistent sizes. The defined air volume of 5 l/s per person in 
scenario 1 provides the national standards specified requirements for ventilation capacity of 15 m3/h per person or 
4.17 l/s [19]. The second scenario - the fresh air flow of 10 l/s is slightly higher than the ASHRAE guidelines [20] 
specified ventilation yield requirement of educational institutions for children under four years of age - 8.6 l/s and 
pupils from 5 to 8 years of age, respectively – 7.4. Only the third and fourth scenarios are set by the ventilation 
capacity, which is not or is rarely characterized by educational institutions and office building ventilation systems.  
The ventilation productivity method was chosen to do economical effect and cost benefit analysis because it is 
applicable for every building and this model has no limited parameters. That gives an opportunity to define 
economic impact of human productivity changes. The required data for the economic effect and cost benefit analysis 
are the necessary amount of investments, expenses arising from the operation of the air handling unit and the 
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estimated weighted average of the relative performance improvement percentage. These values are different for each 
building and scenario. In buildings F, G and H the work is 9 hours per day all year long. People inhabit these 
buildings for 250 days per year. There are summer holidays in education institutions so the ventilation equipment is 
used less. Buildings A, B, D and E are used 186 days per year and C – 230 days per year. Municipality police F, 
Office G and museum H staff salary costs in calculations are taken as average LiepƗja municipality salary. Sum of 
these costs makes total building costs. Student’s schooling costs are used to calculate economic benefits from 
educational institution people’ productivity improvement [21]. It was further expressed as the improvement in terms 
of money and the total economic benefits or losses. The forecasted investment amount is indicated for the buildings 
without air supply and is needed to ensure ventilation system improvements. Additional investments are not 
calculated if building air exchange volume in scenario is reached by the actual ventilation system. 
There are new ventilation system implementation costs provided in cases when it is necessary. It is done by 
consulting with practicing professionals who are designing ventilation systems. The costs include the design 
expenses, air handling unit price, the air valve overhead, their fittings, fasteners and other components of the 
ventilation system expenses as well as installation, commissioning and system balancing. The average market prices 
in 2015 are taken into account depending on the size of projects. KOMFOVENT VERSO program was used to 
design air handling equipment. [22]. 
4. Results  
In the interviews manager of the buildings showed that the ventilation system was working mainly manually. That 
is a subjective evaluation and the system is not working with CO2 sensors or automation that increase maintenance 
costs. That is happening mostly because of high exploitation costs and building managers try to avoid that in winter 
period. All buildings have changed windows, part of them has insulated building envelope and roofs and installed 
mechanical ventilation systems. 
The calculated PMV values are mostly within -0.5 and +0.5; however surveys indicate people subjective 
assessment from +0.67 to +1.86 that directs to warm and unsatisfactory indoor environment.  
The numerical value of performance loss for the room C2 was not calculated because PMV for this room was too 
high – 2.86. As it is illustrated in figure 1 rooms B1, D1 and E1 are the most suitable for working with small 
physical effort.  
 
 
Fig. 1. Performance losses based on PPD 
There are data of fresh air supply per person in each of the rooms. Figure 2 illustrates the relative determination of 
how the person's expected performance at various air supply volumes is used. Rooms B1, E1 and H1 represents data 
of kindergarten, school and museum. 
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Fig. 2. Performance improvement depending on fresh air inflow 
The results of productivity gains vary in different scenarios and they are applied for specific room. The building 
weighted average productivity improvement values depend on fresh air inflow in the room because ventilation 
system in the building is united and does not ventilate every room separately. In table 2 performance improvement is 
illustrated depending on ventilation rate. The highest improvements are in building E. Different scenarios can give 
even 19 % productivity improvement.   
Table 2. Performance improvement depending on ventilation rate 
Building 
1. Scenario 2. Scenario 3. Scenario 4. Scenario 
Ventilation rate 5 l/s 
per person 
Ventilation rate 10 l/s 
per person 
Ventilation rate 15 l/s 
per person 
Ventilation rate 30 l/s 
per person 
A 9.8 % 11.5 % 12.4 % 13.8 % 
B 13.0 % 14.8 % 15.7 % 17.2 % 
C 9.7 % 11.4 % 12.3 % 13.7 % 
D 12.2 % 13.9 % 14.9 % 16.3 % 
E 14.7 % 16.5 % 17.5 % 19.0 % 
F -1.7 % -0.1 % 0.7 % 2.0 % 
G 1.5 % 3.1 % 3.9 % 5.3 % 
H 1.6 % 3.1 % 4.0 % 5.3 % 
The highest improvements are in building E. Different scenarios can give even 18.95% productivity 
improvement. If the pupils studied better less time would be spent on material repetitive learning and additional 
lessons that would reduce overall schooling costs. Total cost optimization is possible also in the offices.  
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Fig. 3. Economic benefit depending on different air supply rates in second year 
5. Discussion and conclusions 
Only few building ventilation systems are working with automation in precise times. In building H ventilation 
schedule is made based on employee complaints about noise while the system is working. People prefer to open 
windows if they feel the necessity for fresh air. For these reasons mechanical ventilation is working only in time 
when people are outside the rooms. 
The PMV values in 12 from 14 rooms vary from -0.5 to 0.5 that should mean that humans are feeling 
comfortable; however, the surveys showed subjective assessment from +0.67 to +1.86 that indicates indoor 
environment as warm and unsatisfactory. The carbon dioxide and air velocity measurements were done in the same 
time as surveys. In most buildings the CO2 measurements are over 1000 ppm and air velocity is too low [23]. It is 
possible that bad air quality affects human subjective assessment about thermal comfort. The field study in LiepƗja 
municipality shows that buildings are dense and thermal comfort indoors is not adequate [23]. Fresh air inflow 
should be at least 15 m3/h as it is set in legal documents to provide satisfactory study and work conditions. 
Thinking exercise performance losses are the same as PPD value and writing exercise performance losses are 
double PPD value. Three buildings show critically great losses. R.Kosonen et al. assume that it is possible that both 
thinking and writing exercise performance losses are 30 – 35% because when value of PMV reaches 1.28 the PMV 
on human performance stays stationary [13]. 
Relative productivity improvement in case of fresh air inflow increase has been calculated. Productivity 
improvement depends on initial air exchange rate. Four scenarios of ventilation have been modelled: 5 l/s per 
person, 10 l/s per person, 15 l/s per person and 30 l/s per person. It is possible to reach 19 % mental work 
improvement using recommended solutions. First scenario of 5 l/s per person is possible to implement with existing 
ventilation systems in 6 from 8 buildings and it will already give significant economic benefit in the first year. 
Assuming that all scenario implementation costs are covered in the first year, second year expenses represent only 
the increased consumption of electricity. It may be observed that the economic benefits of generated performance 
improvements are considerably higher than the operating costs. Especially expressively it appears in education 
buildings. It reveals the important observation that increasing the ventilation capacity up to 30 l/s has obtained no 
greater economic benefits than it would by providing 5 l/s per person in building A. In addition, first scenario is 
feasible in building A without additional investments. If pupils studied better less time would be spent on material 
repetitive learning and additional lessons that would reduce overall schooling costs. Total cost optimization is 
possible also in the offices.  
Thermal comfort, indoor air quality and energy efficiency is considered a dilemma that does not have a definite 
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solution. It is possible using hallways and empty rooms as accumulation containers for heat exchange because all 
rooms are not used in the same time. Ventilation system flow valves can be managed automatically by 
servomechanism excluding human subjective point of view. Economic benefit analysis of automatic room closure or 
connection with flow valves should be researched. 
Different ventilation system combination modes are modelled to reduce costs that are connected to ventilation. 
The public sector buildings are used for fixed time of the day and the specific ventilation regimes are used. It would 
be advisable to study phase transition materials that could accumulate energy and use it when it is necessary in 
combination with night ventilation. It is important to get to know usability options in public building ventilation 
systems in Latvia’s climatic conditions. 
There is possibility that air conditioning system take advantage of the solar radiation and use it as the primary 
source of energy can recompense costs. Aguilar et al. experimental results in Spain show that during summer 
months the solar contribution of photovoltaic panels is about 65% [24]. Cold production is important for 
maintaining an optimum indoor microclimate during the summer.  Shipkovs et al. has pointed out that solar energy 
can be used to decrease energy demand for cooling also in Latvia climate conditions [25]. This could be a good 
solution for offices in summer to reduce costs.  
The priority for planning, designing and managing education institution buildings should be indoor environment 
and inhabitant thermal comfort as Theodosiou and Ordoumpozanis pointed out in their study [9]. It must not make 
the study process harder and energy costs need to be as a secondary aspect! Educating new generations qualitatively 
is one of the main ways how to improve future generation lives. 
The studies from the past years pay attention to vegetation ability to reduce different air pollutant types; however, 
small impact on reducing CO2 concentration in the air is done by plants. The results from recent researches points 
out potential that could be used if the vegetation installation has accurate lighting. That might affect ventilation 
system work positively although the further research in realistic conditions need to be done to get more information 
about the possibility of this solution in Latvia. 
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